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Field 



This invention relates to polyolef in manufacturing, and more particularly, to a gas phase process for in- 
troducing relatively long chain branches into polyethylene chains. 

Background 

High density polyethylene becomes flexible and tough with the addition of short chain branches onto the 
otherwise linear backbone. Introduction of such branching also reduces the polymer's density. Polyethylene 
containing long chain branches also possesses good strength, and in addition, offers significant processing 
advantages in that 1) its viscosity under conditions of high shear is relatively low. permitting high processing 
rates under reasonable operating conditions, and 2) It often exhibits strain hardening, meaning that under con- 
ditions of high strain its viscosity increases, so that products made from polyethylene containing long chain 
branches, such as films, tend not to fail as they are being manufactured. Strain hardening is believed to be 
caused by infermolecular entanglements which lengthen the relaxation time of a polymer melt subjected to 
strain. Polymers that show strain hardening are better suited to certain types of extrusion apparatus than those 
that do not. 

Branched polyethylene typically has been produced industrially by adding 1-butene or 1-hexene comono- 
mer to the polymerization reactor and copolymerizing the comonomer with ethylene. There have also been re- 
ports of introducing branching into polyethylene wtthout adding comonomers to the reactton mbdure by env 
ploying catalyst systems and reaction conditions that simultaneously form vinyl-terminated (terminally unsa- 
turated) low molecular weight polymer molecules from ethylene monomer and copolymerize these with ethy- 
lene monomer to form the desired branched polyethytenes. See, for example, European Patent Application No 
443,666; E. A. Benham. et al.. Polymer Engineering and Saence. 28. 1469-1472 (1988); Beach and Kissin J 
Polymer Science. 22. 3027-3042 (1984); and C. Denger. et al.. Makromol. Chem.. Rapid Commun.. 12 697- 
701 (1991). — ' 

PCT Application No. WO 93/08221 of Dow describes manufacture of olefin polymers having long chain 
branching as opposed to the relatively short chain branching of the prior art. using certain constrained geom- 
etry metallocene catalysts that form relatively long vinyl-terminated hydrocarbon chains and copolymerize 
these with olefin monomer to form the desired branched polymers. This disclosure is limited, however, to liquid 
phase polymerizations using the particular catalysts disclosed. Although the Dow application states that it 
should be possible to produce polyethylenes containing long chain branching by a gas phase process if the 
correct catalysts and conditions are used, it does not provide such catalysts or reaction conditions. Moreover 
such constrained geometry catalysts appear to be relatively sensitive to impurities in gas phase reactions' 
thereby decreasing their effectiveness. 

It would be desirable to have catalysts and reaction conditions suitable for preparation of long chain branch- 
containing polyethylene in gas phase processes. Such catalysts and reaction conditions are the subject of the 
invention. 

Introduction of long chain branches into polyethylene requires that vinyl-terminated long chain polymer 
molecules be copolymerized with ethylene monomer during polymerization. Such unsaturated long chain poly- 
mer molecules are not expected to be in the vapor state under the reaction conditions typically employed in 
gas phase processes, but rather, are expected to be solids or high boiling liquids having lower mobility Ac- 
cordingly, it was believed that serious difficulties might be encountered In attempting to intioduce long chain 
branches into polyethylene in a gas phase polymerization, and that it might not be possible to accomplish this 
under industrially acceptable conditions. It has surprisingly now been found that long chain branches can be 
introduced into polyethylene in a gas phase process using certain bridged metallocene catalysts and appro- 
priate reaction conditions. 

Summary of the Invention 

The invention relates to a gas phase process for producing polyethylene containing long chain branches 
which offers not only the good strength generally associated with branched polyethylenes. but also improved 
processability relative to polyethylenes that lack such long chain branches. 

The invention provides a process for producing polyethylene containing a main chain and an average of 
up to 3 long chain branches per 1000 carbon atoms in the main chain, each branch being at least 18 carbon 
atoms in length, comprising: contacting ethylene and optionally a higher alpha-olef in monomer under polymer- 
ization conditions in the gas phase and at a temperature above eS'C. with a catalyst composition comprising- 

a) a bndged metaltocene catalyst having at least two cyclic pi-bonded moieties in association with a metal 



EP0 659 773 A1 



atom, said cyclic pi-bonded moieties being joined together via a bridging linl^age one or two atoms long* 
and 

b) an activating cocatalyst; 
as welt as polyethylene produced by this process. 

Description of the Drawing 

Fig. 1 is a scheniatic of a f luidized bed gas phase polymerization reaction system. 
Fig. 2 Is a schematic of a stirred bed gas phase polymerization reaction system. 

Detailed Description of the Invention 

According to the invention, polyethylene containing long chain branches at least 18 carbon atoms in length 
is produced. In particular, polyethylene containing an average of up to 3 of such long chain branches per 1000 
carbon atoms in the main polymer chain is made. The term "polyethylene" herein includes both ethylene hbn> 
opolymers. and ethylene copolymers made by copolymerizing ethylene monomer with one or more comono- 
mers such as higher alpha-olef in monomers containing 3 to about 8 carbon atoms. 

The process for forming polyethylene having up to 3 long chain branches per 1000 carbon atoms in the 
polyethylene backbone employs a catalyst composition comprising at least one bridged melallocene catalyst 
and at least one activating cocatalyst capable of activating the bridged metallocene catalysL The bridged met- 
allocene catalyst is capable of 1) polymerizing ethylene monomer into polyethylene, 2) forming at least some 
vlnyUterminated polymer molecules having chain lengths of at least 20 carbon atoms to serve as precursors 
of the long chain branches, and 3) copolymerizing these vinyl-terminated polymer molecules with ethylene 
monomer and any comonomers employed to fonm the branched polyethylene product. The bridged metallocene 
catalyst has a ratio of reactivity for polymerization of ethylene to reactivity for copolymerization of ethylene 
and vinyMerminated polymer molecules in the range of about 1 to 20, preferably in the range of about 1 to 10. 
The catalyst composition is effective to incorporate an average of up to 3 long chain branches per 1000 carbon 
atoms in the main chain of the polyethylene. 

The catalyst composition may contain a single bridged metallocene catalyst or multiple bridged metallo- 
cene catalysts. In the case of a single bridged metallocene catalyst, this catalyst must serve the functions of 
polymerization, formation of vinyl-terminated polymer molecules, and copolymerization. In the case of multiple 
bridged metallocene catalysts, generally one bridged metallocene catalyst carries out polymerization of ethy- 
lene monomer and formation of the vinyl-terminated polymer molecules, and another carries out copolymeri- 
zation of ethylene monomer and the vinyl-terminated polymer molecules. 

The bridged metallocene catalyst contains at least two cyclic pi-bonded moieties In association with a metal 
atom. The cyclic pi-bonded moieties are joined together by a bridging linkage that Is one or two atoms long. 
Preferably, the metal atom is a group IV(B) metal of the Periodic Table. More preferably, the metal atom is Ti. 
Zr, or Hf atom, most preferably a Zr atom. 

The bridged metallocene catalyst is especially effective for incorporating long chain branches, i.e.. con- 
taining at least about 1 8 carbon atoms, into polyethylene. Although the invention is not bound by any particular 
theory, it is believed that the bridging linkage connecting the pi-bonded moieties creates greater gap aperture 
at the metal center of the bridged metallocene catalyst. This greater openess at the metal center allows the 
low mobility, vinyl-terminated polymer molecules to reach more easily the catalytlcaliy active metal atom and 
react. 

In addition, the bridged metallocene catalyst advantageously is relatively insensitive to impurities in the 
polymerization process, and therefore maintains good productivity even in the presence of low levels of such 
catalyst poisons as moisture, oxygen, carbon dioxide and acetylene, for example. Other metallocene catalysts, 
such as the contrained geometry catalysts of PCT Application No. WO 93/08221. tend to be more susceptible 
to such impurities, even in minimal amounts. 

Preferably, the bridged metallocene catalyst has the general formula: 
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wherein: 

IS Q is a bridging linkage selected from 

R'2CC. R*2SiC . R'jGeC . and - C2R'4- 
wherein each R* moiety is independently H or an alkyi group, or two R' moieties are joined to form a 
ring structure. Preferably, when an R* moiety is an alkyI group, it contains 3 to 8 carbon atoms, and when two 
R* moieties are joined to form a ring structure with the atom or atoms to which they are respectively attached, 
a 5 or 6-membered ring is formed. The subscripts m and n are each 0. 1. 2, 3, or 4, and the sum of m and n 
is preferably 2 to 6. The metal M is a Ti. Zr. or Hf atom, preferably Zr. Each Y is independently H. an alkyI grouD 
or a halogen atom. 

The cyclic pi-bonded moieties may bear one or more substltuents R. Each R moiety is Independently an 
alkyI, cycloalkyl. alkenyl. cycloalkenyl. phenyl, alkyl-substituted phenyl, or a phenyl-substiluted alkyI group, or 
two adjacent R groups on a given ring are joined to form a second ring. Preferably, each R moiety is indepen- 
dently an alkyI or cycloalkyl group of 3 to 8 carbon atoms, an alkenyl group of 2 to 8 carbon atoms, a cycloalkenyl 
group of 5 to 8 carbon atoms, phenyl, an alkyl^substituted phenyl group in which the alkyI group contains 3 to 
8 carbon atoms, a phenyi-subslituted alkyi group in which the alkyl portion contains 1 to 4 carbon atoms, or 
two adjacent R groups on a given ring are joined and together with the carbon atoms to which they are respec- 
30 tively attached form a saturated or unsaturated 4. 5, or 6-membered ring. 

The following compounds are illustrative but non-limiting examples of useful bridged metallocene cata- 
lysts: 

rac-ethylenebis(indenyl)2irconium dichloride: 
rac-ethylenebis(4.5.6,7-H-tetrahydroindenyl)2irconium dichloride; 
35 rac- dimethylsilylenebis(lndenyl jzirconium dichloride; 

rac-dimethylsilylenebis(4.5.6,7-H-tetrahydroindenyl)zirconium dichloride; 
rac-ethylenebis(indenyt)zirconium dimethyl; 

rac-ethylenebis(4,5.6.7-H-tetrahydroindenyl)zirconium dimethyl; 
rac-dimethylsilylenebis(lndenyl)zirconium dimethyl; 
40 rac-dimethylsilylenebis(4.6.6.7-H-tetrahydroindenyl)zirconlum dimethyl; 
rac-ethylenebis(2-methylindenyl)zirconium dichloride; 
rac-dimelhylsilylenebis(2-methylindenyl)zirconium dichloride; 
rac-ethylenebis(2-methylindenyl )2irconium dimethyl; 
rac-dimethylsilylenebis(2-methylindenyl )zirconium dimethyl; 
45 isopropylidene(cyclopentadienyl)(fluorenyl)zirconium dichloride; 
diphenylmethyiene(cyclopentadlenyl)(fluorenyl)zirconium dichloride; 
isopropylldene(cyclopentadienyl)(fluorenyl)ztrconium dimethyl; 
diphenylmethylene(cyclopentadienyl)(fluorenyl)2irconium dimethyl; and 
dimethylsilylbis(cyclopentadienyl)zlrconium dichloride. 
SO The bridged metallocene catalyst may be made by one of several methods. For example, see A. Razavi 
and J. Ferrara. J. Organomet Chem,, 435. 299 (1992) and K. P. Reddy and J. L. Petersen. OrganometaWcs, 
8. 2107 (1989). One method comprises first reacting two equivalents of an optionally substituted cydopenla- 
diene with a metallic deprolonaling agent such as an alkyllithium or potassium hydride in an organic solvent 
such as tetrahydrof uran. followed by reaction of this solution with a solution of one equivalent of a doubly-ha- 
logenated compound such as dichlorodimelhylsilane. The resulting ligand is then Isolated by conventional 
methods known to those skilled in the art (such as distillation or liquid chromatography), reacted with two equiv- 
alents of a metallic deprotonating agent as above, and then reacted with one equivalent of a tetrachloride of 
a group IV(B) metal, opttonally coordinated with donor ligand molecules such as telrahydrofuran, in organic 
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solvent. The resulting bridged metallocene catalyst is Isolated by methods known to those skilled in the art such 
as recrystallization or sublimatton. 

Alternatively, the bridged metallocene catalyst may be produced by first reacting one equivalent of an op- 
tionally substituted cyclopentadiene with one equivalent of metallic deprotonating agent in an organic solvent 

5 as above, followed by reaction with one equivalent of a molecule containing an unsaturated five-carbon ring 
to which is attached an exocydic group susceptible to nucleophllic attack, such as a dialkylf ulvene. The reac- 
tive solution is next quenched with water and the ligand is isolated by conventional methods. One equivalent 
of the ligand is next reacted with two equivalents of metallic deprotonating agent as above and the resulting 
solution is in turn reacted with one equivalent of a tetrachloride of a group IV(B) metal optionally coordinated 

10 with donor ligand molecules such as tetrahydrofuran. in organic solvent. The resulting bridged metallocene 
catalyst is isolated by methods known to those skilled In the art 

The activating cocatalyst may be one of the following: (a) branched or cyclic oligomeric 
poly(hydrocarbylaluminum oxide)s which contain repeating units of the general formula -(AI(R")0)-, where 
R** is hydrogen, an alkyl radical containing from 1 to about 12 carbon atoms, or an aryl radical such as a sub- 

15 stituted or unsubsuituted phenyl or naphthyl group; <b) ionte salts of the general formula [A*][BR*4l. where A* 
is a cationic Lewis or Bronsted acid capable of abstracting an alkyl. halogen, or hydrogen from the bridged 
metallocene catalyst. B is boron, and R* is a substituted aromatic hydrocarbon, preferably a perfluorophenyl 
radical; and (c) boron alkyls of the general formula BR*3. where R* is as defined above. 

Preferably, the activating cocatalyst Is branched or cyclic oligomeric poly(hydrocarbylatuminum oxide). 

20 More preferably, the activating cocatalyst is an aluminoxane such as methylaluminoxane (MAO) or modified 
methylaluminoxane (MMAO). 

Aluminoxanes are well known in the art and comprise oligomerk: linear alkyl aluminpxanes represented 
by the fomnula: 



R"/a1-0\ AIR"2 
U" is 



30 and oligomeric cyclic alkyl aluminoxanes of the fomula: 



35 



R- /p 



wherein s is 1-40, preferably 10-20; p is 3-40, preferably 3-20; and R" is an alkyl group containing 1 to 12 carbon 
atoms, preferably methyl or an aryl radical such as a substituted or unsubstituted phenyl or naphthyl radical. 
Aluminoxanes may be prepared in a variety of ways. Generally, a mbdure of linear and cyclic aluminoxanes 

40 is obtained in the preparation of aluminoxanes from, for example, trimethylaluminum and water. For example, 
an aluminum alkyl may be treated with water in the form of a moist solvent. Alternatively, an aluminum alkyl, 
such as trimethylaluminum, may be contacted with a hydrated salt, such as hydrated ferrous sulfate. The latter 
method comprises treating a dilute solution of trimethylaluminum in, for example, toluene with a suspension 
of ferrous sulfate heptahydrate. It is also possible to form methylaluminoxanes by the reaction of a tetraalkyl- 

45 dialuminoxane containing or higher alkyl groups with an amount of trimethylaluminum that is less than a 
stoichiometric excess. The synthesis of methylaluminoxanes may also be achieved by the reaction of a trialkyi 
aluminum compound or a tetraalkyldialuminoxane containing C2 or higher alkyl groups with water to form a 
polyalkyl aluminoxane, which is then reacted with trimethylaluminum. Further modified methylaluminoxanes, 
which contain both methyl groups and higher alkyl groups, may be synthesized by the reaction of a polyalkyl 

50 aluminoxane containing C2 or higher alkyl groups with trimethylaluminum and then with water as disclosed in, 
for example. U.S. Patent No. 5.041 ,584. 

The amount of bridged metallocene catalyst and activating cocatalyst usefully employed In the catalyst 
composition may vary over a wide range. When the activating cocatalyst is a branched or cyclic oligomeric 
poly(hydrocarbylaluminum oxide), the mole ratio of aluminum atonris contained in the 

55 pcly(hydrocarbyl aluminum oxide) to metal atoms contained in the bridged metallocene catalyst is generally in 
the range of from about 2:1 to about 100.000:1, preferably in the range of from about 10:1 to about 10.000:1, 
and most preferably in the range of from about 50:1 to about 2,000:1 . When the activating cocatalyst is an ionic 
salt of the formula [A^][BR*4l or a boron alkyl of the formula BR*3, the mole ratio of boron atoms contained in 

5 
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the tonic salt or the boron alkyi to metal atoms contained in the bridged metallocene catalyst is generally in the 
range of from about 0.5:1 to about 10:1. preferably in the range of from about 1:1 to about 5-1 

In addition to the bridged metallocene catalyst and the activating cocatalyst. the catalyst composition may 
op lona ly contain one or more second catalysts. These second catalysts include for example anyZiegler-Natta 
ca a ys s containing a metal from groups IV(B). V(B). or VI(B)of the Periodic Table, or non-bridged rrotallocerw 
catalysts containing group lll(B) to VIII metals. Any such second catalyst must generate vinyl unsaturation and 
be compatible with the bridged metallocene catalyst Suitable activators forZlegler-Natta and non-bridged met- 
allocene catalysts are well known in the art and may also be included in the catalyst composition 

In a preferred embodiment of the Invention, the catalyst composition further comprises a second catalyst 
that IS a non-bndged metallocene catalyst of the formula: "«iy5» 

^ . (CsRJyCCsRJMYV-y.,, 

Lrt 'f ^ '"^ '° ^"^ <CsR J are the same or different 

and are qjclopentadienyl or substituted cyclopentadienyl groups bonded to M; each R is the same or different 

f,n J'i T^^^T ^ ^^'^""^^ ^^''^ ^••'y- a'kenyl. aryl. alkylaryl. or arylalkyi radical containing 

from to 20 carbon atoms, or two carbon atoms are joined together to form a C^-C, ring; each V is a hydr«^ 
carbyl radical such as aryl. alkyl. alkenyl. alkylaryl. or arylalkyi radical having from 1-20 carbon atoms hydro- 
carboxy radical having from 1-20 carbon atoms, or halogen; n and m are each 0. 1. 2. 3. or 4; y is 0 1 a-2- x 
IS 1. 2. 3, or 4 depending upon the valence state of M; and n-y £ 1. .... 

Examples of such non-bridged metallocene catalysts include: 
bis(cyclopentadienyl)zifconium dichloride; 
bis(n-butylcyclopentadienyl)2irconium dichloride: 
bls(methylcyclopentadienyl)zirconium dichloride; 
bis(pentamethylcyclopentadienyl)zirconium dichlorWe; 
bis(methylcyclopentadienyl)zlrconlum dimethyl; 
bls(cyclopentadienyl)hafnium dichloride; 

(cyclopentadienyl)(9-fluorenyl)2irconium dichloride; 
bis(1-indenyl)zlrconium dichloride; 

bis(4.5,6.7-H-tetrahydroindenyl)zirconium dichloride; and 
cyclopentadienylzirconium trichloride. 

The catalyst composition may be supported or unsupported. In the case of a supported catalyst compo- 
sition the bridged metallocene catalyst, the activating cocatalyst and any second catalyst may be impregnated 
in or deposited on the surface of an Inert substrate such as silicon dioxide, aluminum oxide, magnesium di- 
chloride, polystyrene, polyethylene, polypropylene, or polycarbonate, such that the catalyst composition is be- 
tween 1 and 90 percent by weight of the total weight of the catalyst composition and the support 

The polymerization process is conducted in the gas phase in a stirred or f lukJized bed reactor as described 
below, by contacting a gaseous stream of ethylene monomer and optionally one or more C3 to C. comonomers 
with an effective amount of catalyst composition at a temperature and a pressure sufficient to initiate polymer- 
ization. The process may be carried out in a single reactor or in two or more reactors in series. The process 
IS conducted substantially in the absence of catalyst poisons such as moisture, oxygen, carbon dioxide and 
acetylene, since only minor amounts (i.e. S 2 ppm) of such materials have been found to affect the polymer- 
ization adversely. K 7 

AsuitaWeflukllzed bed reaction system is illustrated in Figure 1 . This reaction system comprises afluidized 
bed reactor 1 0 having a reaction zone 12 and a velocity reduction zone 14. Agas recycle loop 16 whteh includes 
a compressor 18 and a heat exchanger 20 is located between the top of the reactor and its bottom. A gas ana- 
lyzer 22 IS also provided in the gas recycle loop to aid in controlling gas composition in the reactor. The reactor 
possess a base inlet 24. a side inlet 26. and an outlet 28. Line 30 carries the gas feed into recycle loop 16 at 
point 32 for its subsequent introduction into the reactor through base inlet 24. One or more catalyst/cocatalyst 
reservoirs 34. 34A are connected to the reactor via feed line 36 which connects to side inlet 26 These reser- 
r°"!„^;.^^ ^'^ preferably connected at mixing tee 38. the outlet of which is connected to feed line 36 via 
Iine40 Alternatively, the reservoirs 34. 34Amay be separately connected to reactor 10. The reactor 10 contains 
a gas d«tnbutlon plate 42 near its base in the vicinity of outlet 28. Preferably, the reactor also includes a fluid 
flow deflector 44 at base inlet 24 to prevent polymer particles from settling out and agglomerating at the inlet 

The polymerization reaction is run by injecting monomer(8) and recycle gas into the reactor via base inlet 
24. injecting catalyst composition via side inlet 26. and causing polymerization to occur in reaction zone 12 
The gas flow rate must be high enough to keep the particles of polymer that form suspended. Product is with^ 
drawn through outlet 28. i- i o mini 

Reaction zone 12 comprises a bed of growing polymer particles, formed polymer particles and a minor 
amount of catalyst compositton. f luMized by a continuous flow of polymerizable and modifying gaseous com- 
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ponents in the form of make-up feed and recycle gas through the reaction zone. To maintain proper operation 
of the f luidized bed, mass gas flow through the l>ed must be above the minimum flow required for f luidization 
preferably from about 1.5 to about 10 times Gmf and more preferably from about 3 to 6 times G.^- 'Gmt' is 
used herein in its accepted form as the abbreviation for the minimum mass gas flow required to achieve flu- 
idization. C.Y. Wen and Y.H. Yu. "Mechanics of Fluidization". Chemical Engineering Pmgrass Symposium Ser- 
»es. 62. 100-111 (1966). 

It is essential that the bed always contain polymer particles to prevent the formation of localized 'hot spots" 
and to distribute the catalyst composition throughout the reaction zone. On start up. the reaction zone is usually 
charged with a base of polymer particles before gas flow is initiated. Such particles may be identical to the 
polyethylene to be formed or different therefrom. When different, they are wKhdrawn with the desired poly- 
ethylene particles as the first product Eventually, a f luidized bed of the desired polyethlyene particles sup- 
plants the start up bed. ' 

Fluidization Is achieved by a high rate of gas recycle to and through the bed. typically on the order of about 
50 times the rate of feed of make-up gas. The fluidized be0 has the general appearance of a dense mass of 
moving particles In possibly free-vortex flow as created by the percolation of gas through the bed. The pressure 
drop through the bed is equal to or slightly greater than the mass of the bed divided by the cross-sectional 
area. 

To insure complete fluidization. the recycle gas and. where desired, part of the make-up gas are returned 
to the reactor at base Inlet 24 below the bed. Gas distribution plate 42 above the point of return aids in f luldizina 
the bed. ^ 

Make-up gas is fed to the bed at a rate equal to the rate at which particulate polyethylene product is with- 
drawn. The composition of the make-up gas is determined by a gas analyzer 22 positioned in the recycle loop 
Gas analyzer 22 determines component deficiency in the gas being recycled and the composition of the make- 
up gas IS adjusted accordingly to maintain an essentially steady state gaseous composition within the reaction 
zone. 

The portion of the gas stream that does not react in the bed constitutes the recycle gas, which is removed 
from the polymerization zone, preferably by passing it Into a velocity reduction zone 14 above the bed where 
entrained particles are given an opportunity to drop back into the bed. 

The recycle gas is then compressed in compressor 18 and passed through heat exchanger 20 wherein it 
IS cooled before being returned to the bed. By constantly removing heat of reaction, no noticeable temperature 
gradient appears to exist within the upper portion of the bed. A temperature gradient does exist in the bottom 
6 to 12 inches (15.2 to 20.5 cm) of bed. between the temperature of the inlet gas and the temperature of the 
remainder of the bed. Thus it has been observed that the bed acts quickly to adjust the temperature of the 
recycle gas above this lower 6 to 12 inch bed zone to make it conform to the temperature of the bed thereby 
maintaining itself at an essentially constant temperature under steady state conditions. The recycle gas is re- 
turned to the reactor through base inlet 24 and to the fluidized bed through distribution plate 42. 

Distribution plate 42 plays an important role in the operation of the reactor. The fluidized bed contains grow- 
ing and formed polyethylene particles as well as catalyst composition particles. As the polymer particles are 
hot and possibly active, they must be prevented from settling, for if a quiescent mass is allowed to form, any 
active catalyst contained therein may continue to react and cause fusion. Diffusing recycle gas through the 
bed at a rate sufficient to maintain fluidization at the base of the bed is. therefore, important. Distribution plate 
42 serves this purpose and may be a screen, slotted plate, perforated plate, a plate of the bubble cap type or 
the like. The elements of the plate may all be stationary, or the plate may be of the mobile type disclosed in 
U.S. Pat. No. 3.298.792. Whatever its design, it must diffuse the recycle gas through the particles at the base 
of the bed to keep them in a fluidized condition, and also serve to support a quiescent bed of resin particles 
when the reactor is not in operation. The mobile elements of the plate may be used to dislodge any polymer 
particles entrapped in or on the plate. 

The bridged metallocene catalyst, the activating cocatalyst and the second catalyst, if any. used in the flui- 
dized bed are preferably separately stored for service in a reservoirs 34 and 34A under a nitrogen blanket, 
and premixed to form the catalyst composition before being injected into the reactor. They can also be injected 
as separate streams and the catalyst composition formed in the reactor. In any case, continuous or intermittent 
injection techniques may be employed. Alternatively, the bridged metallocene catalyst, the activating cocatalyst 
and any second catalyst can be premixed and the resulting catalyst compositton can be isolated and subse- 
quently dissolved in a suitable solvent and injected into the reactor, though this is not a preferred embodiment 
of the invention. 

The catalyst composition is injected into the bed at a rate equal to its consumption, at side inlet 26 which 
is above the distribution plate 42. Preferably, the catalyst composition is injected at a point located about 1/4 
to 3/4 up the side of the bed. Injecting the catalyst compositfon at a point above the distribution plate is an 
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important feature of the polymerization process conducted in a f luidized bed. Since the catalyst composition 
is highly active, injection into the area betow the distribution plate could cause polymerization to begin there 
and eventually cause plugging of the distribution plate, injection into the bed, instead, aids in distributing the 
catalyst composition throughout the bed and tends to preclude the formation of localized spots of high catalyst 

5 composition concentration which may result in the formation of hot spots. 

Under a given set of operating conditions, the f luidized bed is maintained at essentially a constant height 
by withdrawing a portion of the bed as product at a rate equal to the rate of formation of polyethylene product 
Since the rate of heat generation is directly related to polyethylene product formation, a measurement of the 
temperature rise of the gas across the reactor (the difference between inlet gas temperature and exit gas tem- 

10 perature) is determinative of the rate of particulate polyethylene formation at a constant gas velocity. 

The particulate polyethylene product is preferably continuously withdrawn at outlet 28 at or close to the 
distribution plate 42 and in suspension with a portion of the gas stream which is preferably vented before the 
particles settle to preclude further polymerization and sintering when the particles reach their ultimate collec- 
tion zone. The suspending gas may also be used to drive the product of one reactor to another reactor In the 

IS event staged reactors are employed. 

The f luidized bed reactor is preferably equipped with an adequate venting system to allow venting the bed 
during start up and shut down. The reactor does not require the use of stirring means and/or wall scrapping 
means. 

The feed stream of gaseous monomer, with or without inert gaseous diluents, is fed Into the reactor at a 

20 space time yield of about 2 to 10 pounds/hour/cubic foot of bed volume (32 to 160 kg/hr/cubic meter). 

The process may also be conducted in a continuous or batch stirred bed reactor that mechanically fluidizes 
the particles of polyethylene produced. As with the fluidlzed bed reactor, gaseous ethylene monomer and op- 
tionally comonomers are contacted in the reactor with catalyst composition. The stirred bed reactor may consist 
of, for example, a cylindrical section swept by a set of impellers that agitate the growing and formed polymer 

25 particles in a mixture of reactive gaseous monomer and inert gaseous diluent as well as a section that sep- 
arates entrained particles from the gas stream, which is circulated by means of a blower. In a preferred mode 
of initiating operation of such a reactor, catalyst composition dissolved in an inert fluid is Injected as a mist into 
the cylindrical section, which contains a small amount of quenched and passivated polymer particles. 

When using either a fluidlzed bed reactor or a stirred bed reactor, inert gas such as nitrogen or Inert fluid 

30 such as isopentane is used to carry the catalyst into the bed. 

Also, in the case either a fluidlzed bed or a stirred bed reactor, the production rate of the bed is controlled 
by the rate of catalyst composition injection. The productivity of the bed may be increased by increasing the 
rate of catalyst composition injection and decreased by reducing the rate of catalyst composition injection. 
Since any change in the rate of the catalyst composition injection will change the rate of heat generation 

35 In the reaction, the temperature of the recycle gas is adjusted upwards or downwards to accommodate changes 
in rate of heat generation. This insures an essentially constant temperature will be maintained in the bed. Conrv 
plete instrumentation of both the f luidized bed or stirred bed and the recycle gas cooling system is, of course, 
necessary to detect any temperature change in the bed so as to enable the operator to make suitable adjust- 
ments in the temperature of the recycle gas. 

40 The polymerization process is carried out at a temperature above 65 **C. Preferably, temperatures of 75 

^'C to HO^'C are used. It is believed that such minimum temperatures are necessary to render the vinyl-ter- 
minated polymer molecules mobile enough to participate in creating long chain branches on the polyethylene 
backbone. 

The polymerization process is operated at pressures of up to about 1000 psi (6894 kPa) and is preferably 
45 operated at a pressure of from about 150 to 350 psi (1 034 to 241 3 kPa). with operation at the higher pressures 
in such ranges favoring heat transfer since an increase in pressure increases the unit volume heat capacity 
of the gas. 

It is also an important aspect of the process that at a constant reactor pressure variations in ethylene partial 
pressure effect the productivity of the catalyst composition and the rate of the reaction. Thus the ethylene par- 

50 tiat pressure should be controlled within the range of about 80 to about 300 psi (551 to about 2068 kPa) with 
a preferred range of about 120 to about 250 psi (827 to about 1723 kPa). 

Conventional additives may be included in the process, provided they do not interfere with the operation 
of the catalyst composition in forming vinyl-terminated polymer molecules and copolymerizing these with ethy- 
lene monomer to form the desired branched polyethylene. 

55 When hydrogen is used as a chain transfer agent in the process, it is used in amounts varying between 
about 0.001 to about 10 moles of hydrogen per mole of ethylene plus comonomer. Also, as desired for tenrv 
perature control of the system, any gas inert to the catalyst composition and reactants can also be present in 
the gas stream. 



8 



EP0 659 773 A1 



Organomelallic compounds may be employed as scavenging agents for poisons to increase the catalyst 
activity. Examples of these compounds are metal alkyls. preferably aluminum alkyls. rrrast preferably trilsobu- 
tylaluminum. Use of such scavenging agents is well known in the art 

s Examples 
Glossary 

Density in g/cc was determined in accordance with ASTM 1505. based on ASTM D-1928. procedure C, 
10 plaque preparation. A plaque Is made and conditioned for one hour at 1 0O^C to approach equilibrium crystal- 
linity. measurement for density was then made in a density gradient column. 

MAO is a solutk)n of methyl aluminoxane in toluene, approximately 1.8 molar In aluminum, obtained from 
Ethyl Corporation (Baton Rouge. LA). 

MFR stands for melt flow ratio, which is the ratio of Flow Index to Melt Index. It is related to the molecular 
T5 weight distribution of a polymer. 

Ml stands for Melt Index, reported as grams per 10 minutes, determined In accordance with ASTM D-1238, 
condition E. at 190°C. The Flow Index, reported as grams per 10 minutes, is determined in accordance with 
ASTM D-1238. condition F. and was measured at ten times the weight used in the Melt Index test 

MMAO is a solution of modified methyl aluminoxane containing isobutyl groups in isopentane, approxi- 
20 mately 2.3 molar in aluminum, obtained from Akzo Chemfcals Inc. (Chicago, IL) as "MMAO-3A". 

PDI stands for polydispersily index, which is equivalent to Molecular Weight Distribution (M^M„). PDI was 
determined by gel permeatton chromatography using crosslinked polystyrene columns; pore size sequence: 
1 column less than 1000 A. 3 columns of mixed 5 x 10^ A; 1,2,4-trlchlorobenzene solvent at 140»C with refrac- 
tive index detection. 
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40 



45 



Preparation of Catalyst A 



Preparation of a bridged metallocene catalyst. dimethylsilylbis(cyclopentadienyl)2irconium dichloride 
(DMSBCZ. (CH3)2Si{C6H4)22rCl2). was carried out as follows. A 500 mL round-bottom flask equipped with mag- 
30 netic stirbar and addition funnel was charged under nitrogen with 54 mL of sodium cyclopentadlenylide solution 
(2.0 mol L-' in tetrahydrof uran, 1 08 mmol) and an additional 1 00 ml tetrahydrof uran (THF) previously distilled 
f rom sodium/benzophenone. The flask was cooled in a dry ice/acetone bath. A solution of 6.4 mL dichlorodl- 
methylsilane (53 mmol) in 50 mL of THF was added dropwise via addition funnel to the flask. The solution was 
allowed to warm to ambient temperature while stirring for one hour. The pink slurry was then cooled again in 
a dry-ice/acetone bath and 44 mL n-butyllithium (2.5 mol L-^ in hexanes. 110 mmol) were added dropwise via 
addition funnel. The solution was allowed to warm to ambient temperature while stirring an additional hour. 
This light golden slurry was then cooled In an ice/water bath. A mixture of zirconium tetrachloride bis(THF) (20.2 
g. 54 mmol, previously prepared according to the procedure given by Manzer in Inorganic Syntheses, 21, 135 
(1982)) was then transferred into this slunry. After ca. 16 h of stirring at room temperature, the slurry was re- 
duced in vacuo to a mustard-colored solid, which was recrystallized from methylene chloride to yield 0.92 g 
(5 %) of dimethylsilylbis(cyclopentadienyl)zirconium dichloride. 1H nmr resonances (in CD2CI2) (d): 6.942 (t), 
J = 2.4 Hz; 6.005 (t). J = 2.4 Hz; 0.759(s). ^^C VH) nmr resonances (d): 128.95, 114.81, 109.98. -5.04. 



Preparation of Catalyst B 



Synthesis of another bridged metallocene catalyst, diphenylmethylene(cydopentadienyl )(fluorenyl )zirco- 
nium dichloride (DP2. (C6H5)2C(C5H4)(C,3He)2rCl2). was carried out as follows. A 1 L round-bottom flask, equip- 
ped with stirbar. one 250 mL addition funnel, and one 125 mL graduated addition funnel, was charged with 
14.3 g fluorene (86 mmol) and 250 mL THF under nitrogen. While keeping the flask in an ice/water bath. 55 

so mL n-butyllithium (1.6 wol L-^ in hexanes. 88 mmol) were added via graduated addition funnel. The resulting 
dark red solution was stirred for 2 h at ambient temperature. A solution of 19 g of diphenylfulvene (82 mmol) 
in 200 mL THF was then added via the otherfunnel. and the mixture was allowed to stir for ca. 16 h. The black 
solution was quenched with 300 mL saturated NH4CI/H2O. The organic fraclton was collected and reduced In 
vacuo to an orange cake which was washed with water, methanol, and diethyl ether. The solid was vacuum 

55 dried ca. 16 h to yield (diphenyl(fluorenyl)methyl)cyclopentadiene. an off-white solid (16.2 g). which was slur- 
ried in 200 mL THF under nitrogen. To this sample, which was cooled in an ice/water bath, were added 67 mL 
methyllithium (1 .4 mol L-^ in diethyl ether. 80 mmol). The red solution was allowed to stir at ambient temperature 
for 3 h. then was reduced in vacuo to a dark red material, which was stirred with 200 mL hexane for ca. 16 h. 
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By filtering this mixture on a medium frit under argon and washing with hexane then drying in vacuo for 3 h 
at ambient temperature, dilithium diphenylmethytene-(cyclopentadienytide)(ftuorenylide), an orange powder, 
was obtained. To a slurry of this salt in 200 mL hexane were added 8.77 g zirconium tetrachloride (38 mmol), 
and the resulting slurry was stirred for ca. 64 h. The solid was then separated f rom the supernatant and washed 
5 twice with hexane by centrif ugation, and then was dried in vacuo for 4.75 h at ambient temperature. Yield: 
22.7 g of diphenylmethylene(cyclopentadienyl)(f luorenyl)zirconium dichloride with two equivalents of lithium 
chloride, 43 % yield (based on diphenylfulvene). nmr (d): 7.87 (d), J = 8.4 Hz; 7.53 (d of d). J = 17, 8.0 Hz; 
7.32 (I). 7.3 Hz; 7.16 (br s); 7.06 (I of d). J = 1.3, 7.6 Hz; 7.00 (t of d). J = 1.6. 7.6 Hz; 6.93 (t of t), J = 1.3, 7.3 
Hz; 6.75 (tof d), J = 1.1, 8.7 Hz; 6.41 (d), J = 8.8 Hz; 6.13 (t), J = 2.7 Hz; 5.49 (t), J = 2.7 Hz; 3.58 (brs). 

10 

Polymerization Procedure 

In Examples 1 to 7. polyethylene was prepared in a stirred bed, horizontally mixed reactor with various 
catalyst compositions. The Table below summarizes the polymerization conditions for each example. 
IS Figure 2 depicts the horizontally mixed reactor system used in Examples 1 to 7. The reactor was a two- 
phase (gas/solid) stirred bed. back-mixed reactor. A set of four "plows" 100 were mounted horizontally on a 
central shaft rotating at200rpmto keep the particles in reactor 110 mechanically fluidized. The reactor cylinder 
swept by these plows measured 40.6 cm (16 in.) long by 39.7 cm (15.6 in.) in diameter, resulting in a mech- 
anically f luidizable volume of 46 liters (1 .6 f t^). The gas volume, larger than the mechanically f iuidizable volume 
20 due to the vertical cylindrical chamber, totaled 54.6 liters (1 .93 f t^). A disengager vessel 1 20 was mounted atop 
reactor 110. This vessel had a gas volume of 68 liters (2.41 ft^), more than doubling the gas volume of the re- 
actor. Gas was continually recirculated through both the reactor and disengager via a blower 130. so that the 
gas composition was homogeneous throughout 

The reactor pressure in each example was 2.41 MPa except for Example 7. in which the reactor pressure 
25 was 2.1 MPa. Ethylene monomer, hexene monomer and hydrogen (for molecular weight control) were fed to 
the reactor continuously via control valves through line 140. The partial pressure of ethylene monomer was 
1.65 MPa in Examples 1-6 and 0.86 MPa in Example 7. Comonomer was introduced via control valves through 
line 150 and vaporizer 160 and its content in the polyethylene product was controlled by adjusting feed rates 
to maintain a constant comonomer/monomer nrK)lar ratio (shown in the Table) in the gas phase. Gas compo- 
se sltlon was measured at 4-6 minute intervals by a gas chromatographic analyzer. Molecular weight of the poly- 
ethylene was controlled by adjusting the hydrogen feed rate to maintain a constant mole ratio of hydrogen to 
monomer in the gas phase. Nitrogen made up the majority of the balance of the composition of the gas in the 
reactor, entering with the catalyst composition through line 1 70 and leaving via a smalt vent 1 80 with the reactor 
gases including volatilized solvents. The vent opening was adjusted via computer to maintain constant total 
35 pressure in the reactor. 

The reactor was cooled by an external jacket of chilled glycol. The bed temperature was measured with 
a temperature probe in a thermowell protruding into the bed at a 60° angle below horizontal, between the inner 
set of plows. The reactor temperature in Examples 1-3 and 5-7 was 85'' C, while the reactor temperature in 
Example 4 was 65 ^'C. 

40 Solutions of various catalysts were prepared by mixing Catalyst A and/or Catalyst 6 in dichloromethane 

and storing the resulting solutions in a reservoir connected to line 190. The Table shows the ratios of Catalyst 
A to Catalyst B used in each example. The solutions of catalyst were metered in shots via line 190 and mixed 
vyith a continuous stream of methylaluminoxane cocatalyst solution introduced via line 200. The concentration 
of MMAO in isopentane was 7.23 % and the amount of the MMAO used was such that the Al/Zr ratio in the 

45 reactor was 1000. In each example, the mixture of catalyst and MMAO solutions were fed through a coil 210 
of 1/8" tubing where the catalyst and the cocatalyst reacted for 2-10 minutes. Upon leaving this precontact coil, 
the mixed solution of catalyst compostion was sprayed into the reactor by a constant flow of nitrogen. 

The reactor was run in both continuous and batch modes. Typical batch yields of granular polyethylene in 
the reactor were 20-25 lbs. with 30-35 lbs being the upper limit. Each run typically lasted 3-6 hours. In contln- 

50 uous mode, granular polymer was withdrawn at 220 in typically 0.4 lb portions while the polymerization was 
in progress. In the continuous mode, the product discharge system was enabled after the bed weight built to 
15-25 lbs. and the rate of discharge was altered to maintain constant bed weight. 

In each of Examples 1-7, the polymerization process was begun by charging the monomers to the reactor 
and adjusting the feeds until the desired gas composition was reached. An initial charge of cocatalyst was add- 

55 ed prior to starting catalyst feeding in order to scavenge any poisons present in the reactor. After catalyst feed 
started, the monomers were added to the reactor in amounts sufficient to maintain gas concentrations and 
ratios. As the catalyst Inventory built up, the polyethylene production rate increased to 5-10 Ibs/hr, at which 
point the catalyst feed was adjusted to maintain a constant polyethylene production rate. Cocatalyst feed rate 



10 



EP 0 659 773 A1 



10 



15 



20 



25 



X ol c 
r ^ ^ 



n, n 

S- cr o- 
5 ^ *< 

=• W CO 
I. P3 m 

s; o o 
§ <E 

£ 



o 

to 
X 



g 

o 
b 



i s " ii i 

*< C ST o o 



O 



o 




o 



o 
o 



to 



b 



cn 



cn 
o 



OD 

b 



o 



o 
b 

s 



P 

B 



OD 

cn 



30 



e 
b 



b 
o 

00 



03 

p 



u > 



o 

b 



35 



o 
to 



b I- 



b 



Z 



s 



s 

C#9 



40 



o 
b 
to 

CD 



•a 

03 



09 



8 



00 



45 



o 

OD 



o 

b 
to 



tc 



o 
b 

s 



p 

OD 



s 



50 



The data in the Table show that use of one or more bridged metallocene catalysts coupled with reaction 
temperatures above 65 in a gas phase process produces polyethylene having varying degrees of long chain 
55 branching. Moreover, when two bridged metallocene catalysts are employed in the catalyst composition, the 
level of long chain branching can be controlled by varying the relative amounts of the two bridged metallocene 
catalysts. In particular, Examples 1 through 3 showed a trend to higher levels of long chain branching as the 
ratio of Catalyst A to Catalyst B was raised. Catalyst A evidently increased the relative level of vinyl terminated 
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Claims 
1. 



2. 



rr^-^s^s=:~— ^^^^ 

metalatom. said cydic pi-bonded moieties be^fin^S^TK'^^"*'^'* association with a 

long; and "'^'"9'""^*°9«t''«'Vi" bridging linkage one or two atoms 

b) an activatihg cocatalyst 

The process of claim 1. wherein said bridged metallocene catalyst has the formula 




wherein: 

Q is a bridging linkage selected from 
. . ^ ^ '^'aCC, R'aSiC. R'jGeC, and - C^R'^ - 

a ring; ^ ^'^"P' °' ^''^ ^^^^^"^ ^ Qroups on a given ring are joined to form 

mis 0, 1,2. 3.or4; 
nis 0. 1.2, 3. or 4; 
M is a Ti, 2r, or Hf atom; and 

each Y is independently H. an alkyi group, or a halogen atom. 
The process of claim 2. wherein the sum of m and n is an integer from 2 to 6. 
The process of claim 2, wherein M is 2r. 

The process of claim 1. wherein the cata.yst composition contains Cimethy,silylbis(cyc,opentadieny„z.- 
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^tell^M MWyTu ''*''*"y""*'^>^*"*t'=y*^«P«"'^<««"yW'"0^enyl)2irconium dichloride as bridged 

The process of claim 1. wherein the cocatalyst is methylaluminoxane or modified methylaluminoxane. 
The^process of daim 1. wherein said catalyst composition further comprises a second cataiyst of the for- 

wherein M is a metal from groups IIIB to VII! of the Periodic Table; (C,R^ and (C5RJ are the same or 
different and are cyclopentadienyl or substituted cydopentadienyl groups bonded to M; each R is the 
same or different and is hydrogen or a hydrocarbyl radical such as alkyl. alkenyl. aryl. alkylaryl. or arylalkyi 
radical containing from 1 to 20 carbon atoms, or two carbon atoms are joined together to fom, a c!S 
1 ^ hydrocarbyl radical such as aryl. alkyl. alkenyl. alkylaryl. or arylalkyi radical having f ro^ 
1-20 carton atoms, hydrocarboxy radical having fmm 1-20 carbon atoms, or halogen; n and m are each 
0. 1. 2. 3. or4: y IS 0. 1, or2; X is 1. 2. 3. or4: and x-y £ 1. 

The process of claim 1 . wherein said catalyst composition further comprises a Ziegler-Natta catalyst con- 
taining a metal from groups IV(B). V(B). or VI(B) of the Periodic Table, y «»n- 
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